Periodontitis is one of the most prevalent inflammatory diseases, characterized by gingival inflammation and alveolar bone loss. MicroRNAs (MiRNAs) are important regulators of inflammation and involved in periodontitis pathogenesis. In this work, we studied the roles of microRNA-21 (miR-21) in periodontitis. MiR-21 is upregulated in both periodontitis patients and the mice that induced with periodontitis. We tested the roles of miR-21 in the macrophages challenged by periodontitis pathogen Porphyromonas gingivalis (P. gingivalis) lipopolysaccharide (LPS). MiR-21 expression is up-regulated in P. gingivalis LPS-stimulated macrophages. MiR-21 mimic inhibits the pro-inflammatory cytokine production by macrophages, while miR-21 deficiency elevates the production of pro-inflammatory cytokines. Moreover, absence of miR-21 promotes activation of nuclear factor-κB (NF-κB) in P. gingivalis LPS-stimulated cells. In a murine periodontitis model, ligation induced exacerbated gingival inflammation and alveolar bone loss in miR-21 deficient mice than their wild-type littermates. These results demonstrated the anti-inflammatory function of miR-21 in vitro and in vivo, indicating miR-21 could be an interventional target for the control of periodontitis.
Introduction
MicroRNAs (miRNAs) are a class of small non-coding ribonucleic acid (RNA) molecules, which are implicated in various developmental, physiological and pathogenic events. They are about 22 nucleotides long and broadly evolutionarily conserved. MiRNAs function as posttranscriptional regulators by binding to the complementary sequences in target messenger RNA transcripts (mRNAs) and resulting in the translational repression and/or target mRNA transcript degradation. Periodontitis is one of the most common infection-driven inflammatory disease characterized by gingival inflammation and bone loss (Papapanou, 2012) . Infection of sub-gingival etiological bacteria induces the periodontal host response, which leads to periodontal tissue damage and inflammatory bone loss (Baker, 2000; Taubman et al., 2005) . MiRNAs are important regulators of inflammation and play important roles in inflammatory diseases. One of the most widely investigated miRNAs, MicroRNA-21, has been reported to be a key for various cancers and infectious diseases, through a variety of regulatory functions on inflammation, osteogenesis, and osteoclastogenesis (Asangani et al., 2008; Bhatti et al., 2011; Chan et al., 2005; Damania et al., 2014; Wei et al., 2015; Zhu et al., 2014) . Recent reports have shown that various miRNAs are involved in periodontitis though the miRNA expression pattern was distinct in different reports Perri et al., 2012; Stoecklin-Wasmer et al., 2012) . Research on miRNA express profiling revealed that miR-21 is upregulated in response to periodontitis pathogen stimulation (Du et al., 2016) . Although publications showed that miR-21 is involved in the development of periodontal ligament cell and gingival mesenchymal stem cell (Li et al., 2012; Li et al., 2018; Wei et al., 2015; Wei et al., 2017) , the functional roles of miR-21 throughout the periodontitis pathogenesis, especially its effect on the inflammatory responses, remain undetermined.
The regulatory functions of microRNAs are complicated, since one microRNA might target different mRNAs and modulate different physiological responses. The regulation of certain signaling pathways by microRNAs can be cell and tissue specific. MiR-21 showed its complicated influences on the activation of nuclear factor-κB (NF-κB) signaling in different cell types (Asangani et al., 2008; Bhatti et al., 2011; Damania et al., 2014; Sheedy et al., 2010; Zhu et al., 2014) . NF-κB is pivotal in the signaling network in infection-induced inflammatory responses. The NF-κB pathway is important in pro-inflammatory signaling and the production of cytokines, chemokines, and adhesion molecules. Higher NF-κB activation in the tissues of the lesion site from periodontitis patients indicates an important pathogenic role of NF-κB in periodontitis (Arabaci et al., 2010) . Virulence factors from periodontal pathogen Porphyromonas gingivalis (P. gingivalis) signal through Toll-like receptors, activate the NF-κB pathway, and induce inflammation (Darveau et al., 2004) . NF-κB activation leads to the upregulation of miR-21 (Niu et al., 2012) . P. gingivalis lipopolysaccharide (LPS) has been shown to induce the miR-21 up-regulation (Du et al., 2016; Venugopal et al., 2017; Yao et al., 2009) , implying a close association of miR-21 and periodontal pathogen-induced inflammation. Indeed, NF-κB was predicted to be regulated by miR-21 and other miRNAs during periodontitis pathogenesis (Du et al., 2016; Venugopal et al., 2017) . MiR-21′s regulation on NF-κB is complicated and may inhibit NF-κB signaling (Jia et al., 2017; Marquez et al., 2010; Sheedy et al., 2010) or promote NF-κB activation (Iliopoulos et al., 2010; Wu et al., 2015) , depending on the different cell types and diseases.
In this study, we manifested that miR-21 is important in downregulating P. gingivalis LPS-induced NF-κB activation and pro-inflammatory cytokine production, by targeting programmed cell death protein 4 (PDCD4). Furthermore, in a well-established animal periodontitis model, we showed that miR-21 deficiency leads to more severe gingival inflammation and alveolar bone loss. Our results in this manuscript revealed miR-21 as an important mechanism in the negative feedback loop during periodontal pathogen-induced inflammation and periodontitis progression.
Material and methods

Mice
MiR-21 deficient mice (B6;129S6-Mir21a tm1Yoli /J) were purchased from Jackson Lab and bred with C57BL/6 mice to generate heterozygous mice. Wild-type (WT) and homozygous knockout littermates (KO) were obtained from heterozygous breeding. Animals were kept in animal facilities at University of Louisville. All handling and processing were approved by Institutional Animal Care and Use Committee, and in appliance with the established Federal and State policies.
Human tissue miRNA assay
Periodontal ligament tissues were obtained from 7 periodontitis patients diagnosed by clinical signs and symptoms, including panoramic pantomography or cone-beam computed tomographic imaging before surgery. Healthy periodontal ligament tissue controls were isolated from 7 patients who received extraction premolars or third molars for orthodontic treatment. Subjects were free from severe autoimmune diseases, cardiovascular diseases, neurologic diseases, or cancers. Total RNAs (including small RNAs such as miRNAs) were extracted from tissues using Trizol (Life Technologies, Carlsbad, CA) lysis methods; MiRNAs were reverse transcribed using miScript II RT Kit (Qiagen, Germantown, MD). Real-time polymerase chain reaction (qPCR) amplifications were performed using miScript SYBR Green PCR Kit (Qiagen) in a CFX96 qPCR Detection System (Bio-Rad, Hercules, CA) according to the manufacturer's protocol. The primer sequences for miR-21 is 5′-GCCCGCTAGCTTATCAGACTGATG-3′ (forward) and 5′-GTGCAGGGTCCGAGGT-3′ (reverse). Results were normalized to the expression of RNU6B (U6) (Qiagen). The procedure was approved by the ethics committee of West China College of Stomatology, Sichuan University, China, and informed consent was obtained from each patient.
Transfection
Mmu-miR-21a-5p mirVana® miRNA mimic (4464066), mmu-miR21a-5p mirVana® miRNA inhibitor (4464084), and their negative control oligonucleotides (4464076) were purchased from Thermofisher. RAW 264.7 cells were transfected by electroporation using SF Cell Line 4D-NucleofectorTM X Kit (Lonza, Allendale, NJ, USA) and 4D-Nucleofector ™ X Unit (Lonza, Allendale, NJ, USA), following the manufacturer's protocol. Transfected cells were cultured for 2 days before further experiments.
Cell culture and assay
Bone marrow-derived macrophages (BMDMs) were prepared following previously published protocol (Trouplin et al., 2013) . Eight weeks old mice were sacrificed to harvest femurs. Bone marrow was flushed out of the femur with PBS using a 3-mL syringe and a 23-gauge needle. Bone marrow was then pipetted several times to make a singlecell suspension. Cells were washed with PBS twice before being plated onto a culture dish. The cells were cultured in DMEM supplemented with 10% fetal bovine serum and 10 ng/ml murine granulocyte macrophage colony stimulating factor (M-CSF, R&D systems, Minneapolis, MN) and incubated at 37°C with 5% CO 2 . Wash cells every other day and add fresh medium. The differentiated macrophages were harvested on day 7 for later experiments. The purity of macrophage preparations (> 90%) was confirmed by flow cytometry using phycoerythrin-labeled anti-F4/80 (clone BM8; eBioscience). Cell viability was monitored using the CellTiter-Blue™ assay kit (Promega).
MiR-21 targets array analysis
The expression of potential miR-21 targets was measured using a RT 2 PCR Array (Qiagen) by qPCR on an ABI 7500 Real Time PCR System (Applied Biosystems, Foster City, CA) following the manufacturer's protocol. Samples were grouped and analyzed using the PCR Array Data Analysis Excel Template with the ΔΔC t method (Qiagen).
Western blots
Cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). Protein expression was detected by chemiluminescence. Antibodies to p-NF-κB p65 (Ser 536), IκB, PDCD4, and GAPDH were purchased from Cell Signaling Technology (Beverly, MA, USA). Densities of bands were quantified by Eagle Eye II software.
Ligature-induced periodontitis model
A murine ligature-induced periodontitis model is used as described in our and other's previous publication (Duan et al., 2016; Eskan et al., 2012; Matsuda et al., 2016) . Sex-matched miR-21 KO mice and WT littermates (8-10 weeks) were ligated around the maxillary 2nd molar with 6-0 silk suture, with the ligature placed in the gingival sulcus. Ten days after the ligature placement, at the termination of the experiments, the distance from cemento-enamel junction to alveolar bone crest (CEJ/ ABC) on the ligated second molar (three sites corresponding to mesial cusp, buccal groove, and distal cusp) and the affected adjacent regions (sites corresponding to distal cusp and distal groove of the first molar, and buccal cusp of the third molar) were measured. To calculate proinflammatory periodontal bone loss, the mean CEJ-ABC distance from the group of sham-ligated mice was subtracted from the CEJ-ABC distance for each mouse.
Mouse gingival mRNA and miRNA expression assay
Gingival tissues of the mice were excised from around the maxillary molars for mRNA harvest. The expression of periodontal disease markers and other molecules of interest were determined by qPCR. Briefly, mRNA was extracted from gingival tissue, using the RNeasy Mini Kit (Qiagen). The RNA was reverse-transcribed using the High-Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA, USA) and qPCR was performed using the ABI 7500 System, following the manufacturer's protocol (Applied Biosystems). TaqMan probes, sense primers, and antisense primers for genes of interest or a housekeeping gene (glyceraldehyde 3-phosphate dehydrogenase, GAPDH) were purchased from Applied Biosystems. The following inventoried gene expression primers (Applied Biosystems) were used: IL-1β (Mm00434228_m1), IL-6 (Mm00446190_m1), TNFα (Mm00443258_m1), Rankl (Mm00441906_m1). Gene expression has been normalized to that of GAPDH.
For miRNA expression, miRNA was extracted using mirVana ™ miRNA Isolation Kit (ambion, life technologies) and reverse transcription was performed on the isolated total RNA using miRNA cDNA Synthesis Kit (Applied Biological Materials, Vancouver, Canada). And BrightGreen miRNA qPCR MasterMix (Applied Biological Materials, Vancouver, Canada) was used for quantitative analysis of miRNA.
Reverse transcription was performed at 37°C for 30 min., 65°C for 5 min., 42°C for 15 min and at 70°C for 10 min. The PCR conditions were as follows: enzyme activaition at 95°C for 10 min., denaturation at 95°C 10 s., annealing at 63°C for 15 s., followed by extension at 72°C for 32 s. The procedure was performed on ABI 7500(Thermo Scientific, Wilmington, DE, USA). U6 was amplified as an internal control. The mmu-miR-21 and U6 were supplied by Applied Biological Materials (Vancouver, Canada).
Statistics
Data were evaluated by ANOVA and the Dunnett multiple-comparison test (InStat v3.06 program, GraphPad). Two-tailed t tests were also performed where appropriate (comparison of two groups only). Differences were considered statistically significant at the p < 0.05 level.
Results
Higher miR-21 expression in periodontitis patients and animals
We harvested periodontal tissues from periodontitis patients as well as healthy tissues from the patients who had received extraction premolars or third molars for orthodontic treatment. We tested the miR-21 expression using qPCR and found higher miR-21 expression in periodontitis patients (Fig. 1A) . Furthermore, we found that P.gingivalis LPS stimulation induces upregulated miR-21 in murine macrophage cell line RAW264.7 (Fig. 1B) . We next generated bone marrow derived macrophages (BMDM) from miR-21 KO mice and their WT littermates, and stimulated the BMDMs with P. gingivalis LPS (2 μg/ml). At different time points (2 h, 4 h, and 24 h), the BMDMs were harvested and tested for miR-21 expression. The miR-21 expression was tested at the time points indicated and we found P. gingivalis LPS significantly increased miR-21 in WT BMDMs at 24 h (Fig. 1C) , while the miR-21 expression in KO cells was minimal, as we expected. We next tested the miR-21 expression in a widely used ligation induced periodontitis animal model, in which ligation leads to gingival inflammation and alveolar bone loss in the mice (Duan et al., 2016; Eskan et al., 2012; Matsuda et al., 2016) . Similar to our result from human patients, in WT mice, miR-21 expression in the gingival tissues from ligated mice was higher than the control shamligated mice (Fig. 1D) . The miR-21 expression in the gingival tissues from miR-21 KO mice was neglectable.
MiR-21 down-regulates P. gingivalis LPS-induced pro-inflammatory cytokine production
Pro-inflammatory cytokines are regulated directly or indirectly by pathogen-stimulated NF-κB activation. Levels of pro-inflammatory cytokines also indicate the severity of periodontitis. To test the roles of miR-21 in P. gingivalis LPS-induced pro-inflammatory cytokine production, we transfected RAW 264.7 cells with miR-21 mimic, miR-21 inhibitor, or their negative controls, followed by 2 μg/ml P. gingivalis LPS challenge. Cell culture supernatants were collected 2 h or 24 h later and tested for IL-6 and TNFα. We found that miR-21 transfection inhibited IL-6 and TNFα production ( Fig. 2A & B) . On the contrast, cells transfected with miR-21 inhibitor produced higher levels of IL-6 and TNFα (Fig. 3A & B) . To better illustrate the roles of MiR-21 deficiency in pathogen-induced inflammation, we harvested BMDMs from miR-21 KO mice and their WT littermates, and stimulated the BMDMs with P. gingivalis LPS (2 μg/ml). Higher TNFα and IL-6 production were detected in LPS-stimulated miR-21 KO BMDM cells (Fig. 3C & D) .
MiR-21 ablation promotes P. gingivalis LPS-induced NF-κB activation
In order to determine the targets of miR-21 in P. gingivalis LPS-stimulated macrophages, we used mouse miR-21 targets RT 2 profiler PCR Array (Qiagen), which included experimentally verified or bioinformatically predicted miR-21 target genes. BMDMs from miR-21 KO mice and their WT littermates were stimulated with P. gingivalis LPS (2 μg/ ml) for 4 h before harvested for mRNA isolation. Using qPCR, our results showed the expression of Acat1 (Acetyl-CoA acetyltransferase), PDCD4, and Reck (Reversion-inducing-cysteine-rich protein with kazal motifs) was significantly higher in miR-21 KO cells, indicating they are regulated by miR-21 (Fig. 4A ). Among these targets, PDCD4 has been shown to be involved into NF-κB signaling (Sheedy et al., 2010) . MiR-21 has shown different modulatory mechanisms in NF-κB signaling in different diseases and cells (Asangani et al., 2008; Bhatti et al., 2011; Damania et al., 2014; Zhu et al., 2014) . NFκB signaling plays a pivotal role in inflammatory responses and periodontitis progression (Arabaci et al., 2010; Pacios et al., 2015) . Higher NF-κB activation at the lesion site in periodontitis patients indicates an important pathogenic role for NF-κB in periodontitis (Arabaci et al., 2010) . P. gingivalis and its virulence factors, such as fimbria and LPS, activate the NF-κB pathway (Darveau et al., 2004; Diomede et al., 2017) . To confirm PDCD4 as the target of miR-21 regulation, we stimulated BMDMs from miR-21 KO mice and their WT littermates with P. gingivalis LPS (2 μg/ ml) and tested for the protein expression of PDCD4. PDCD4 level was higher in miR-21 KO cells, indicating that miR-21 down-regulated PDCD4 (Fig. 4B) . To investigate the role of MiR-21 in periodontal pathogen-induced NF-κB activation, BMDMs from miR-21 KO mice and their WT littermates were stimulated with P. gingivalis LPS (2 μg/ml) and tested for the protein expression of phosphorylated (p)-NF-κB and total IκB. Higher level of (p)-NF-κB and lower level of total IκB were detected in miR-21 KO BMDM cells, indicating higher NF-κB activation in these cells (Fig. 5) . Considering the critical role of NF-κB for the transcription of TNFα and IL-6 (Neurath et al., 1996) , miR-21-deficiency mediated increase of TNFα and IL-6 could be attributed to the increased activation of NF-κB in LPS-stimulated BMDMs.
Elevated gingival inflammation in miR-21 KO mice
Gingival inflammation was induced in a murine ligature-induced periodontitis model, as described in our previous publication (Eskan et al., 2012) . The mice with sham ligature placement were used as controls. At termination of the experiments, gingival tissues were harvested for mRNA extraction. Pro-inflammatory cytokines, including IL-6, TNFα, IL-1β, and RANKL, are critical for osteoclastogenesis and periodontitis pathogenesis. Expressions of these cytokines in gingiva were determined by qPCR. Ligation induced gingival inflammation in both miR-21 KO and WT mice. We observed significantly higher transcript expression of IL-1β, IL-6, TNFα, and RANKL, indicating more severe inflammation, in miR-21 KO mice than WT mice (Fig. 6) .
Exacerbated alveolar bone loss in miR-21 KO mice
We next investigated whether miR-21 deficiency led to more severe bone loss. In the ligature-induced periodontitis model, silk ligature placement results in massive local accumulation of bacteria and the induction of rapid bone loss in conventional rodents (Duan et al., 2016; Eskan et al., 2012; Graves et al., 2008) . We observed higher CEJ-ABC in ligated miR-21 KO mice than their WT littermates. At the same time, there was no difference in CEJ-ABC readings between sham-ligated miR-21 KO and WT mice (Fig. 7A, B) . We calculated bone loss by subtracting the CEJ-ABC distance of the sham-ligated mice from that of the ligated mice. Indeed, miR-21 KO mice showed higher bone loss (Fig. 7C) , indicating that dysregulated host immune responses to oral bacteria in miR-21 KO mice result in exacerbated periodontal bone loss. Fig. 1 . Periodontal pathogen and periodontitis prompts miR-21 upregulation. MiR-21 is upregulated in (A) periodontitis patients, (B, C) P. gingivalis LPSstimulated macrophages, and (D) ligated mice. MiR-21 expression was tested by qPCR in (A) periodontal ligament tissues from 7 periodontitis patients (Disease) and 7 healthy subjects (Health), *, p < 0.05. (B) RAW 264.7 cells stimulated with P. gingivalis LPS (LPS), *, p < 0.05. (C) BMDM cells from WT or miR-21 KO mice were stimulated with P. gingivalis LPS (LPS) for 2 hs, 4 hs, or 24 hs or before stimulation (0 h), n = 3. Asterisk indicated statistically significant (p < 0.05) differences versus 0 h samples. *, p < 0.05. Or (D) gingival tissues from ligated WT or KO mice (Ligated; n = 5) and sham-ligated WT or KO mice (Sham; n = 6). Asterisks indicate statistically significant (p < 0.05) differences between ligated and sham WT mice. *, p < 0.05. The data were normalized to U6 and are presented as fold change in the transcript levels relative to their controls, set as 1. The data shown represent mean ± standard deviation. Fig. 2 . MiR-21 inhibits P. gingivalis LPS-induced IL-6 and TNFα production. RAW 264.7 cells were transfected with miR-21 mimic. Cells transfected with miR-21 negative control were used as controls. The cells were then stimulated with 2 μg/ml P. gingivalis LPS for 2 hs or 24 hs before tested for the production of (A) IL-6 and (B) TNFα in the supernatants by ELISA. The data shown represent mean ± standard deviation, *, p < 0.05; **, p < 0.01; ***, p < 0.001; n = 3. Fig. 3 . P. gingivalis LPS induced higher level of IL-6 and TNFα with miR-21 ablation. (A, B) MiR-21 inhibitor transfected RAW264.7 cells were stimulated with 2 μg/ml P. gingivalis LPS for 24 hs; Or (C, D) BMDM cells from miR-21 KO mice and their WT littermates were stimulated with 2 μg/ml P. gingivalis LPS for 2 h or 24 hs. (A, C) IL-6 and (B, D) TNFα in the supernatants were tested by ELISA. The data shown represent mean ± standard deviation, *, p < 0.05; **, p < 0.01; n = 3.
Discussion
MiR-21 has been widely investigated on its roles in various cancers and inflammatory diseases. While some reports showed that miR-21 is involved in bone formation and resorption (Wei et al., 2015; Yang et al., 2013) , its roles in periodontitis remain unclear. Similar to many other miRNAs, miR-21 can bind and regulate various transcripts, and function differently in different cell types and diseases (Barnett et al., 2016; Chan et al., 2005; Chen et al., 2013) . Our results showed upregulated miR-21 in periodontitis patients (Fig. 1A) and the ligated mice in ligature-induced periodontitis model (Fig. 1D) . Furthermore, stimulating the macrophage with periodontal pathogen P. gingivalis LPS also caused increased miR-21 expression (Fig. 1B and C) . All these imply that miR-21 plays an important role in periodontitis.
Periodontitis is initiated by periodontal pathogens and caused by dysregulated host immune responses. P. gingivalis is one of the most important and widely investigated periodontitis pathogens. P. gingivalis LPS is able to induce pro-inflammatory cytokines in host immune cells (Darveau et al., 2004) , which are important for periodontitis pathogenesis and bone resorption (Di Benedetto et al., 2013; Graves and Cochran, 2003; Kato et al., 2014) . We tested the roles of miR-21 in inflammation by testing the production of pro-inflammatory cytokines in P. gingivalis LPS-stimulated macrophages, which have been transfected with miR-21 mimic or miR-21 inhibitor. Forced expression of miR-21 in macrophages leads to decreased IL-6 and TNFα production in responding to LPS stimulation, while inhibition of miR-21 increased IL-6 and TNFα production (Figs. 2 & 3) . While miR-21 transfection does not totally block miR-21 function, we took advantage of miR-21 KO mice and derived BMDM cells. We found that miR-21 KO BMDM cells produced higher level of IL-6 and TNFα than WT cells, further confirming that miR-21 is important to the down-regulation of LPS-induced inflammation (Fig. 3) .
NF-κB plays an important pathogenic role in periodontitis (Arabaci et al., 2010; Pacios et al., 2015) . Under normal conditions, NF-κB is sequestered in the cytoplasm as an inactive complex with the inhibitory protein IκB. Upon stimulation, IκB is phosphorylated, ubiquitinated and degraded. Consequently, NF-κB becomes free to translocate to the . MiR-21 ablation promotes P. gingivalis LPS-induced NF-κB activation. BMDM cells from miR-21 KO mice and their WT littermates were stimulated with P. gingivalis LPS (2 μg/ml). Cell lysates were collected at the time points (hours) indicated for Western blot analysis. (A) Blots were probed with the antibodies to IκB, phosphrylated NFκBp65, and GAPDH as a loading control. Densitometric quantification of the ratio of (B) total-IκB, and (C) p-NFκBp65 to GAPDH. Data represent mean ± S.E.M. from three experiments. Asterisks indicate statistically significant (p < 0.05) differences between miR-21 KO mice and WT mice. nucleus where it initiates the expression of NF-κB -dependent pro-inflammatory cytokines. Previous publications have shown the complicated interplay between miR-21 and NF-κB (Ma et al., 2011) . NF-κB activation leads to the transcription of miR-21 (Niu et al., 2012; Shin et al., 2011) . In turn, miR-21 can either up-regulate or down-regulate the activation of NF-κB signaling pathway through targeting different genes. It has been shown that miR-21 can activate NF-κB via the inhibition of Phosphatase and tensin homolog (PTEN) (Iliopoulos et al., 2010; Wu et al., 2015) . On the other hand, NF-κB is down-regulated by miR-21 through PDCD4 or PELI1 (Pellino E3 ubiquitin protein ligase 1) (Asangani et al., 2008; Marquez et al., 2010; Sheedy et al., 2010) . The difference might be caused by cell-specificity. Because the important roles of NF-κB in inflammation and periodontitis, it is critical to understand the regulation of NF-κB by miR-21 in this disease. Indeed, we found that miR-21 ablation cause elevated NF-κB activation after LPS challenge, indicated by decreased total-IκB and elevated phosphorylated NF-κB. Our result implies that NF-κB activation results in upregulated pro-inflammatory cytokine production. A mouse miR-21 targets RT 2 profiler PCR Array (Qiagen) included experimentally verified or bioinformatically predicted miR-21 target genes. We tested P. gingivalis LPS-stimulated WT and miR-21 KO BMDMs with the array and found that Acat1, PDCD4 and Reck might be the targets of miR-21 (Fig. 4A ). Because PDCD4 has been shown to be involved into TLR and NF-κB signaling (Sheedy et al., 2010) , we further tested for the protein expression of PDCD4 and confirmed that PDCD4 level is upregulated in miR-21 KO cells (Fig. 4B ). Previous reports (Sheedy et al., 2010) and our results showed that miR-21 inhibition could block LPS-induced PDCD4 down-regulation, therefore increase NF-κB activation and proinflammatory cytokine production. Our results implied that miR-21 acted as an anti-inflammatory agent within a negative regulatory loop during periodontitis. Animal models have been widely used to the research on the pathogenesis of various diseases, including periodontitis. Ligation around the 2nd molar of mouse induces gingival inflammation and periodontal bone loss, which has been used in a model for periodontitis. Pro-inflammatory cytokines such as IL-1β, IL-6, TNFα are pro-osteoclastogenic factors. Along with RANKL, excessive amount of these cytokines destroy the periodontal tissue and result in the attachment loss of the gingiva and alveolar bone loss (Di Benedetto et al., 2013; Graves and Cochran, 2003; Kato et al., 2014) . We tested the expression of IL-1β, IL-6, TNFα, and RANKL in the gingival tissues of ligated miR-21 KO and WT mice. Similar to our in vitro results, ligation induced higher level of pro-inflammatory cytokines in miR-21 KO mouse tissues. This indicates that miR-21 is fulfilling an anti-inflammatory role in periodontitis, while its deprivation causes inflammation. In ligature-induced periodontitis model, ligation and dysregulated inflammation lead to periodontal bone loss. We measured the distance from CEJ to ABC (CEJ-ABC) in each group. Ligation induced higher CEJ-ABC in miR-21 KO mice than in WT mice. In sham-ligated groups, the CEJ-ABC readings were comparable in KO mice and WT mice. Our findings indicate that miR-21 is a feedback mechanism to mitigate pathogen-induced excessive inflammation during periodontitis.
Conclusion
In summary, we found the higher expression of miR-21 in periodontitis patients, ligated mice, and P. gingivalis LPS challenged cells, all suggesting the involvement of miR-21 in periodontitis. Our results showed that miR-21 down-regulated P. gingivalis LPS-induced inflammation, while miR-21 absence elevated PDCD4 expression, NF-κB activation and pro-inflammatory cytokine production. These findings manifested the negative regulatory functions of miR-21 on pathogeninduced pro-inflammatory responses. Furthermore, in an in vivo periodontitis animal model, we demonstrated the protective roles of miR-21 on periodontitis progression. Our findings provide a potential immunotherapeutic method for periodontitis treatment.
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